To achieve high-efficiency phosphate removal from wastewaters, chemical precipitation of phosphorus using salts of aluminum (such as aluminum sulfate), iron (such as ferric chloride) or calcium (such as lime) is normally used[@b1][@b2][@b3][@b4]. Ideally, to removal phosphate by Fe(III), the most effective route is to form FePO~4~(s), in which the formation of a solid possesses a 1:1 molar ratio of Fe and P. However, the rate constants for formation of FePO~4~(s) at pH 6.0--8.0 are at least two orders of magnitude lower than the rate constants for Fe(III) hydrolysis and precipitation over this pH range (Mao *et al*., unpublished). As such, the phosphate removal mechanism on addition of Fe(III) salts is unlikely to involve the precipitation of FePO~4~(s) but, rather, the formation of hydrous ferric oxides (HFO) followed by phosphate adsorption. Additionally, Galarneau and Gehr[@b5] confirmed that phosphate removal using Al(III) salts involves production of Al(OH)~3~(s), followed by phosphate adsorption to this oxyhydroxide. Smith *et al*.[@b6] have made the case that phosphate removal by Fe(III) salts is likely to be dominated by phosphate adsorption to HFO rather than precipitation of the more soluble FePO~4~(s).

While the rate of formation of HFO at circumneutral pH is recognized to be rapid, the rate (and extent) of phosphate adsorption by HFO has been shown to be strongly dependent on a variety of factors including the age or crystallinity of the iron oxide and the presence of competing anions and sorbing substrates such as natural organic matter[@b7]. Extensive research has been published on the kinetics of phosphate adsorption by stable crystalline iron oxides or modified iron oxides including goethite[@b8][@b9], iron hydroxide-eggshell waste[@b10], activated carbon loaded with Fe(III) oxide[@b11], ferric sludge[@b12] and iron oxide tailings[@b13]. However, there has been surprisingly little work on the kinetics of phosphate adsorption by freshly formed hydrous ferric oxide. Shang *et al*.[@b14] examined and modeled phosphate adsorption by short-range ordered aluminum and iron precipitates, while Crosby *et al*.[@b15] investigated phosphate adsorption by iron oxyhydroxides. However, neither the adsorption mechanism nor the effect of pH on the kinetics of phosphate adsorption to HFO were clearly elucidated in these studies.

There have been many publications dealing with phosphate adsorption kinetics, typically describing phosphate removal by either first- or second-order expressions derived from Langmuir kinetics[@b16], the Elovich model[@b17][@b18][@b19], or the intra-particle diffusion model[@b20][@b21]. While founded in mechanistic principles, the expressions are typically empirical in nature, with little attempt made to relate to particular processes or chemical reactions. Only a few researchers have attempted a more process oriented approach. Shen and Duvnjak[@b22] developed a reversible surface reaction model to describe cupric ion adsorption onto corncob particles, in which the kinetic constants for the forward reaction (adsorption) and backward reaction (desorption) were determined. As the protonation of surface sites was neglected in this model, the rate constant for the forward reaction may be overestimated, or, alternatively, the rate constant of the back reaction might be underestimated. In our previous study[@b7], although the concentration of H^+^ was extremely low compared to the phosphate concentration, the protonated surface sites were found to dominate over the pH range 6.0--8.0. As such, it can be concluded that the protonation of surface sites competed effectively with the reaction between phosphate and surface sites and, as such, this reaction should be included in any mechanistically-oriented modeling approach.

The rate at which phosphate is removed by Fe(III) is critical in determining the fate, forms and bioavailability of phosphorus in natural water or wastewater at circumneutral pH. In this study, two distinct aqueous systems were used to investigate the kinetics of phosphate removal by iron. First, we investigated the kinetics of phosphate adsorption by preformed HFO (PF-HFO) at circumneutral pH 6.0--8.0, in which millimolar lever of Fe(III) was added to buffer solution to initially form PF-HFO, followed by the subsequent addition of phosphate to the PF-HFO dispersion. Subsequently, we analyzed the kinetics of *in situ* phosphate removal by adding Fe(III) directly into phosphate solutions in the form of a ferric salt. In this case, phosphate was removed from solution by adsorption to *in situ* formed hydrous ferric oxide (ISF-HFO).

The data sets obtained in the two types of studies outlined above were then described using traditional empirical models including the pseudo-second-order model[@b23], the Elovich model[@b17][@b18][@b19], and the intra-particle diffusion model[@b20][@b21]. Additionally, the ability of the more mechanistically-based surface complexation kinetic models (SCKMs) for the description of phosphate removal by both PF-HFO and ISF-HFO were investigated.

Results and Discussion
======================

Phosphate removal efficiency under various conditions
-----------------------------------------------------

The rate and extent of phosphate removal were investigated as a function of both initial phosphate concentration and the solution pH. The various conditions under which phosphate removal was examined are shown in [Supplementary Table S1](#S1){ref-type="supplementary-material"}.

In the PF-HFO adsorption process, relatively rapid phosphate adsorption was observed in the initial 60 min followed by slower phosphate uptake. The higher the initial phosphate concentration used, the larger the absolute amount but the smaller the proportion of phosphate was adsorbed by 1 mM PF-HFO. The extent of adsorption was due to the relatively high availability of sites on the PF-HFO surface for phosphate adsorption when a higher solute concentration gradient was used. An increase of pH was found to decrease the phosphate adsorption efficiency by PF-HFO dramatically, due to the change in the nature of the surface species involved in phosphate adsorption. This effect has been investigated previously and is accounted for by the molecular models used to describe phosphate adsorption in that study[@b7].

At each condition investigated in this study, the efficiency of phosphate removal using Fe(III) added directly into phosphate solutions (*in situ* process) was significantly higher than that when the same concentration of phosphate was added to the PF-HFO suspension formed by same amount of iron. Since the production of strengite (FePO~4~(s)) to achieve high phosphate removal efficiencies has been shown to be extremely unlikely if Fe(III) salts are used, the *in situ* phosphate removal process can be considered an alternative adsorption process to that of phosphate adsorption to PF-HFO. In the process of phosphate adsorption onto PF-HFO, much of the HFO would form in the absence of phosphate, making internal sites unavailable for binding[@b6]. However, the *in situ* formed solid with an open structure[@b6] provides the advantage of a greater number of surface sites than that in the case for preformed HFO. In addition to the greater phosphate uptake capacity, the rate of phosphate removal in the *in situ* process was much higher than that in the PF-HFO case, with most of the phosphate removal being completed in the first 30 min. In a manner similar to that of the PF-HFO adsorption process, the amount of phosphate removed by a particular concentration of Fe(III) in the *in situ* removal process increased with increasing initial phosphate concentration. Unlike the PF-HFO adsorption process, however, the phosphate removal efficiency was not sensitive to changes in solution pH. The reason for this very distinct difference will be discussed below.

Traditional kinetic models of phosphate adsorption by preformed and *in situ* formed hydrous ferric oxide
---------------------------------------------------------------------------------------------------------

To evaluate the effects of the initial phosphate concentration and pH on phosphate adsorption rates, a pseudo-second-order model was used to describe the kinetics of phosphate adsorption by PF-HFO.

[Supplementary Fig. S1](#S1){ref-type="supplementary-material"} demonstrates that a pseudo-second-order model provides a good description of the results obtained for the different initial phosphate concentrations (0.25 mM, 0.5 mM and 1 mM) and pH values (6.0, 7.0, and 8.0) in our study. The corresponding model parameters calculated from the intercepts and slopes of these lines, including *q*~*e*~, *k*~*sec*~, and *h*, are summarized in [Supplementary Table S2](#S1){ref-type="supplementary-material"}. From this table, the effect of initial phosphate concentration and pH on the phosphate adsorption efficiency is quantified using *q*~*e*~, which increases with increasing initial phosphate concentration and decreasing pH. Others have concluded[@b24][@b25] that phosphate adsorption can be described by the physical diffusion of phosphate in solution, in the liquid film surrounding particles and within the pores of the PF-HFO particles, followed by chemical reaction between the phosphate species and the PF-HFO surface sites. As such, the results determined here for the effect of pH on the rate constants suggests that the initial adsorption rate was determined, for the most part, by fast chemical reactions between phosphate and surface sites, while the rates at later times were most likely determined by physical diffusion effects.

In the *in situ* phosphate removal process, phosphate may either interact with added ferric cations and form distinct assemblages of strengite (FePO~4~(s)), or it may be adsorbed by *in situ* formed HFO. We have noted earlier that the conditions in wastewater treatment are not particularly suited to strengite formation and, as such, phosphate adsorption is the most likely mechanism of phosphate removal. Therefore, to evaluate the rate of *in situ* phosphate removal, the pseudo-second-order model was also used to describe the kinetics of phosphate removal. The model results are shown in [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}, and the model parameters derived from the model fits are presented in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. As with the PF-HFO adsorption process, the application of the pseudo-second-order model to the description of the *in situ* data is successful. However, the parameters are significantly different to those obtained for the PF-HFO adsorption process. It is obvious that phosphate removal via the *in situ* process is much faster than that for the PF-HFO adsorption process for any particular condition, resulting in higher phosphate removal efficiencies. An increase in the initial concentration of phosphate significantly reduces the phosphate removal rates (*k*~*sec*~), but a change in pH does not significantly impact rates of phosphate removal (*k*~*sec*~). The decrease of *k*~*sec*~ with increasing initial concentration of phosphate is a commonly known fact (the higher the initial concentration, the longer time is required to reach equilibrium). However, the influence of pH on the value of *k*~*sec*~ has not been theoretically investigated, which may be due to its complexity. It is suspected that the phosphate removal rates via an *in situ* process in this study are principally dependent on the physical factors associated with the configuration rather than the chemical reactions between phosphate and the sorbing phase.

The Elovich equation was also used to model the removal of phosphate by PF-HFO with reasonable linear relationships between ln *t* and *q*~*t*~ being obtained for the various sets of phosphate removal data ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). The Elovich coefficients calculated from the intercepts and slopes of these straight lines are shown in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. Generally, the initial adsorption rate *A* decreased and the desorption constant *B* increased with increasing pH (except for the unusually low *B* value in expt no. 6) and both *A* and *B* decreased as the initial phosphate concentration increased (except for the unusual *A* values in expt nos 5 and 9). Although a variety of explanations have been provided[@b25] for the observed changes in the Elovich model parameters with changes in \[PO~4~^3−^\]~T~ and pH, a definitive mechanism providing a rationalization for these changes has not yet been presented. Plazinski *et al*.[@b24] concluded that both the Elovich model and the pseudo-second-order model provide similar descriptions of phosphate adsorption kinetics and are special forms of the "generalized-Elovich" model proposed by Rudzinski and Plazinski[@b26].

The Elovich equation was unsuccessful in describing the kinetics of *in situ* phosphate removal as indicated by the poor fit of *q*~*t*~ against t in [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}. Because the Elovich equation neglects desorption, *q*~*t*~ would be expected to continually increase at extended adsorption times. As such, the Elovich equation is clearly inappropriate for description of *in situ* phosphate removal process where equilibrium is nearly attained.

The intra-particle diffusion model was applied in order to assess the importance of intra-particle diffusion in the kinetics of phosphate adsorption by PF-HFO and *in situ* phosphate removal. As found for the Elovich model, the intra-particle diffusion model was only suitable for describing phosphate adsorption by PF-HFO with reasonable fits of [Eq. (7)](#eq10){ref-type="disp-formula"} to the phosphate adsorption data, especially at higher initial phosphate concentrations ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). The values of the intra-particle diffusion rate constant, *k*~*int*~, obtained by plotting *q*~*t*~ versus *t*~*1/2*~ for various phosphate concentrations and pH values, are shown in [Supplementary Table S4](#S1){ref-type="supplementary-material"}. Further, by assuming that PF-HFO assemblages consist of spherical particles, the diffusion coefficients for the intra-particle transport of aqueous phosphate species within the PF-HFO pores were calculated using Eq. (1)[@b27] and Eq. (2)[@b28],

where *D* (cm^2^ min^−1^) is the diffusion coefficient, *R* (cm) represents the average radius of PF-HFO (and is equal to 6.26 × 10^−4^ cm which was calculated using the data in our previous study[@b7]), and *t*~*1/2*~ (min) is the half time of phosphate adsorption.

As shown in [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}, none of the plots passed through the origin, indicating that intra-particle diffusion was not the rate-limiting step for phosphate adsorption by PF-HFO[@b20][@b29]. Also, the correlation coefficients (*r*^2^) of the fits varied significantly with the goodness of the fits improving as the initial phosphate concentration increased. These results suggest that the intra-particle diffusion effects were more important at higher initial phosphate concentrations, with the intra-particle diffusion rate constants, *k*~*int*~, generally increasing with increasing initial phosphate concentrations.

In addition, as shown in [Supplementary Table S4](#S1){ref-type="supplementary-material"}, although the diffusion coefficient *D* increased, the half time of phosphate adsorption, *t*~*1/2*~, had the opposite trend and decreased as the initial phosphate concentration and pH decreased. Both *D* and *t*~*1/2*~ were calculated using the parameters from the pseudo-second-order model, with *D* being found to be on the order of 10^−8^ cm^2^ min^−1^. As such, intra-particle phosphate diffusion is not important in the early stage of phosphate adsorption, although it would play an important role in the later stages of phosphate adsorption[@b30][@b31] and could result in the time for phosphate removal varying for several days (as indeed has been previously observed[@b7]).

Data obtained for *in situ* phosphate removal were poorly described by the intra-particle diffusion model (Fig. S6).

Surface complexation kinetic models for phosphate adsorption by PF-HFO
----------------------------------------------------------------------

According to the rate expressions derived earlier for the surface complexation reactions, while the rate constants should vary with pH, a correlation between the initial concentration of phosphate and the rate constants is not expected. As such, we initially modeled the data sets at different initial concentrations of phosphate using only one set of rate constants in both the SCKM-1 and SCKM-2 models. The results of these initial analyses are shown in [Supplementary Fig. S7](#S1){ref-type="supplementary-material"} and the model parameters are presented in [Table 1](#t1){ref-type="table"}. Perhaps not surprisingly, given the larger number of fitting parameters, the SCKM-2 model is seen to provide a better fit to the data than the SCKM-1 model. The desorption rate constants *k*~*2*~ derived from the SCKM-2 fitting were extremely low at every pH (6.0--8.0) and, as such, are not shown in [Table 1](#t1){ref-type="table"}. The fact that phosphate desorption is insignificant means that the SCKM-2 model is, in essence, equivalent to the SCKM-3 model under the conditions used in this study. From [Table 1](#t1){ref-type="table"}, the adsorption rate constant *k*~*1*~*′* derived from the SCKM-2 model (0.0680--0.274 mM^−1^ min^−1^) is higher than the same constant derived using the SCKM-1 model (0.0386--0.205 mM^−1^ min^−1^). This means that neglecting the protonation of surface sites led to an underestimation of the adsorption rate constant. It is also noteworthy that *k*~*1*~*′* decreased with increasing pH for both the SCKM-1 and SCKM-2 models while the protonation reaction rate constant *k*~*a*~*′* in SCKM-2 (0.0776--0.0947 mM^−1^ min^−1^) increased over the pH range 6.0--8.0. This result suggests that the deprotonation reaction is an important determinant of phosphate adsorption to PF-HFO.

With regard to the influence of initial phosphate concentration on the phosphate adsorption kinetics, the three models were fit to the various data sets available. The solid and dotted lines in [Supplementary Fig. S8](#S1){ref-type="supplementary-material"} represent the results of the application of SCKM-1 and SCKM-2 models while the dotted lines in [Supplementary Fig. S9](#S1){ref-type="supplementary-material"} represent the results of SCKM-3 modeling. It is clear from these results that both the SCKM-2 and SCKM-3 models describe the phosphate adsorption onto PF-HFO quite well, while SCKM-1, with a much shorter equilibrium time, demonstrates larger errors. The parameter values obtained for the different models are shown in [Table 2](#t2){ref-type="table"}, with both the values for the phosphate adsorption rate constants, *k*~*a*~*′*, for the SCKM-2 and SCKM-3 models evident with the values being higher than the constant determined using the SCKM-1 model.

Since the SCKM-2 and SCKM-3 models provide a better description of phosphate adsorption than the SCKM-1 model, further analysis of the results obtained through use of the SCKM-2 and SCKM-3 models is provided below.

It is obvious that the adsorption rate constant *k*~*a*~*′* decreases dramatically with increasing in pH. To quantify this dependency further, the function can be transformed as:

Thus a plot of the log *k*~*a*~*′* versus pH should be a straight line with a slope of −*n* and a y-intercept of the log *k*~*a*~ (the intrinsic adsorption rate constant). Linear fits to the model parameters obtained using the SCKM-2 model ([Table 1](#t1){ref-type="table"}) are shown in [Fig. 1](#f1){ref-type="fig"}. The log *k*~*a*~ and *n* values obtained are 1.266 and 0.302, respectively, with *r*^2^ = 0.982. Linear fitting data for the model parameters obtained using SCKM-3 ([Table 2](#t2){ref-type="table"}) are given in [Table 3](#t3){ref-type="table"} (and the fitting figures are shown in [Supplementary Fig. S10](#S1){ref-type="supplementary-material"}), from which a range of log *k*~*a*~ from 0.787 to 1.420, with an average value 1.06 ± 0.33 and a range of n of 0.212--0.316, with an average value 0.255 ± 0.054 were obtained. In general, the *r*^2^ values are above 0.84, indicating good agreement between our model and the observed data. Thus, the adsorption rate constant for phosphate adsorbed onto PF-HFO can be deduced at other pH values, using [Eq. 3](#eq31){ref-type="disp-formula"} with constants log *k*~*a*~ = 1.06 ± 0.33 and n = 0.255 ± 0.054.

According to Hiemstra *et al*.[@b32], the point of zero charge can be simplified as log *K*~*H*~ = PZC. Thus,

Once *k*~*a*~*′* and *k*~*d*~ have been estimated using the surface complexation kinetic models, PZC can be calculated using [Eq. (4)](#eq10){ref-type="disp-formula"}. The results deduced by this approach shown in [Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}. The range of PZC values obtained is 6.19--9.91, with an average value 8.23 ± 1.02, which is close to the value for HFO determined by Hiemstra and Riemsdijk (PZC = 8.1)[@b33].

In the surface complexation kinetic models, the phosphate adsorption rate constant *k*~*a*~*′* was observed to decrease with increasing initial phosphate concentration ([Fig. 2](#f2){ref-type="fig"}). A possible reason for this relationship could be the neglect of physical diffusion. Although the experimental conditions in the studies described here including temperature and stirring rate, have been constantly maintained, the initial concentration of phosphate would influence the diffusion rate and, as a result, influence the phosphate adsorption rate.

Surface complexation kinetic models for *in situ* phosphate removal by Fe(III)
------------------------------------------------------------------------------

As mentioned above, the reason for the greater extent of phosphate removal by *in situ* formed hydrous ferric oxide (compared to preformed hydrous ferric oxide) is the greater number of active surface sites on the *in situ* formed solid than on the preformed HFO (the concentration of active surface sites (*Css*) was 0.45 mM (mM Fe)^−1^ in our previous study[@b7]). To quantify the amount of active surface sites on the *in situ* formed solid, we used the surface complexation kinetic models, with the parameters presented in [Table 2](#t2){ref-type="table"}, to evaluate the variation of *Css*. The results of these calculations are presented in [Table 2](#t2){ref-type="table"}. The fits using SCKM-1, SCKM-2, and SCKM-3 for *in situ* phosphate removal by Fe(III) are shown in [Fig. 3](#f3){ref-type="fig"}. It was observed that all three of the surface complexation models could describe *in situ* phosphate removal by Fe(III) quite well. As shown in [Table 2](#t2){ref-type="table"}, the average values of *Css* for pH = 6.0, 7.0 and 8.0 are 0.955 ± 0.170, 1.46 ± 0.39, and 2.98 ± 0.78 mM (mM Fe)^−1^, respectively, which are larger than the value of 0.45 mM (mM Fe)^−1^ obtained for PF-HFO. However, as initial phosphate concentration at pH 6.0--8.0 was increased, the values of *Css* did not increase accordingly. The rate of HFO polymer formation will be much faster than that of phosphate adsorption by HFO. Hence, it is not surprising that a slight increase in phosphate concentration had little impact on the surface site concentration. In solution, when the iron atom was present as hydrated Fe(H~2~O)~6~^3+^, the value of *Css* would reach its limits of 6 mM (\[Fe\], mM)^−1^, and for solid HFO, the in air value of *Css* would be 3 mM (\[Fe\], mM)^−1^ according to stoichiometric composition.However, for a 1-nm cube particle of HFO in solution, the value of *Css* was calculated to be 4.5 mM (\[Fe\], mM)^−1\ 6^. In this study, the values of *Css* for *in situ* formed HFO increased with increasing pH and reached 2.98 ± 0.78 mM (\[Fe\], mM)^−1^ at pH = 8.0, which is close to the value determined by Smith *et al*.[@b6] for 2-nm cube particles.

A general conclusion of this study is that the kinetics of interaction between phosphate and Fe(III) in solution was not adequately described by traditional kinetic expressions (e.g. the pseudo-second order and the Elovich equations). However, they could be adequately described by models incorporating the acid-base chemistry of surface sites, proton-phosphate competition for surface sites and phosphate surface complexation. The more molecular-based kinetics models (SCKMs) investigated in this study can be promising to understand the phosphate removal by Fe(III), considering that it is a challenge to elucidate the realistic system by the traditional empirical models. Additionally, the rate of phosphate removal by Fe(III) was affected by the manner of adding Fe(III). This can be achieved in phosphate wastewater treatment by ensuring that iron salts are added *in situ* into the wastewater such that more active surface sites on HFO are produced to obtain a higher phosphate removal rate and efficiency. However, the kinetic models and rate constants developed in our study were investigated in the simulated waters containing simple inorganic matrices without the addition of organic compounds. In natural water or wastewater, various organic compounds could complex both Fe(III), and the formed Fe species, which would also affect the formation of HFO and further affect the kinetics of phosphate removal. These effects would need further investigation before the application of the developed models in natural water or wastewater.

Methods
=======

Analytical grade reagents were used in all cases and purchased from Sigma-Aldrich unless otherwise stated. All solutions were prepared using 18 MΩ cm ultrapure Milli-Q (MQ) water and stored in the dark at 4 °C when not in use. All glassware and plasticware were soaked in 5% v/v HCl for several days and rinsed thoroughly with MQ water before use. All experiments were performed under conditions in which light was minimized to avoid Fe(III) reduction by wrapping the reaction vessel with dark cloth at 22 ± 1 °C.

The pH of all solutions used was carefully controlled with an appropriate buffer (10 mM MES (SigmaUltra) for pH 6.0--6.5 and 10 mM MOPS (SigmaUltra) for pH 7.0--8.0). Both MES and MOPS are non-complexing agents[@b34] and are unlikely to influence the behavior of other solution constituents[@b7]. All buffer solutions initially contained 2.0 mM NaHCO~3~ and 100 mM NaCl and were prepared one week prior to the commencement of each experiment in order to ensure that equilibrium was reached between the buffer solutions and the atmosphere. The chosen buffers maintained solution pH within ± 0.02 pH units of the desired value during the course of each experiment. pH was measured using a HANNA 211 pH meter combined with a glass electrode and Ag/AgCl reference. NIST-traceable buffer solutions (pH 4.01, 7.01 and 10.01) were used to calibrate the electrode on the NBS scale. Any pH error due to ionic strength differences between the NIST standard buffers (pH 4.01, *I* = 0.05; pH 7.01, *I* = 0.13; and pH 10.01, *I* = 0.05) and experimental solutions (*I* \~ 0.1 in this work) is minor and can be neglected.

A 100 mM Fe(III) stock solution was prepared by dissolving an appropriate amount of FeCl~3~ in 2 mM HCl. A 1.0 M phosphate stock solution was prepared by dissolving an appropriate amount of NaH~2~PO~4~ in MQ water. PF-HFO were prepared by adding 1 mM Fe(III) into the particular buffer solution (pH 6.0--8.0) with stirring at 25 rpm and pH readjusted to the specific value required. Speciation calculations using the Visual Minteq 3.0 chemical equilibrium program[@b35] indicated that essentially all Fe(III) would be precipitated as HFO at the various pH examined.

Kinetics of phosphate adsorption by PF-HFO
------------------------------------------

To determine the rate of phosphate adsorbed by PF-HFO at different pH values, 5-min-aged pre-polymerized HFO containing 1 mM Fe(III) was used as the PF-HFO. The desired phosphate concentration was mixed with 200 mL of 1 mM Fe(III)-containing PF-HFO in 500 mL conical flasks which were agitated on a shaker at a constant speed (120 rpm). Samples were withdrawn at desired intervals and immediately filtered through 25 mM diameter Millex 0.45 μm pore size membrane filters. Adsorption of soluble phosphate on the filter membrane was found to be negligible. The dissolved phosphate concentration (\[PO~4~^3−^\]~Dis~) was measured using the ascorbic acid molybdate blue method, and the colored complex was detected using a Cary 50 UV-Vis spectrophotometer. The concentration of removed phosphate (\[PO~4~^3−^\]~ads~) is equal to the initial phosphate concentration (\[PO~4~^3−^\]~T~) minus the dissolved phosphate concentration. Experiments were repeated in triplicate for the different initial phosphate concentrations (0.25 mM, 0.5 mM and 1 mM) and pH values (6.0, 7.0 and 8.0).

Kinetics of *in situ* phosphate removal
---------------------------------------

To determine the phosphate removal capacity and rate for the *in situ* process, the desired concentrations of phosphate were first added to 200 mL buffer solutions in 500 mL conical flasks, and then Fe(III) was added from the 100 mM stock solution such that the reaction mixture had an Fe(III) concentration of 1 mM. The flasks were agitated on a shaker at 180 rpm for the initial 5 min and then at 120 rpm for the remaining time. The approach to sample treatment and phosphate measurement was identical to that used in the investigation of PF-HFO described above. Experiments were repeated in triplicate for the different initial phosphate concentrations (0.25 mM, 0.5 mM, and 1 mM) and pH values (6.0, 7.0, and 8.0).

Traditional kinetic models of phosphate removal
-----------------------------------------------

The removal efficiencies (*E*, *%*) of phosphate and the sorption capacity (*q*, (\[P\], mM)·(\[Fe\], mM)^−1^) in the *in situ* process and the PF-HFO adsorption process were calculated from [Eqs. (5](#eq10){ref-type="disp-formula"}) and ([6](#eq10){ref-type="disp-formula"}):

where \[Fe\]~T~ (in mM of Fe) denotes the total concentration of HFO in solution.

When treating phosphate adsorption as a second order process, the relationship of sorption capacity (*q*~*t*~, (\[P\], mM) (\[Fe\], mM)^−1^) and adsorption time (*t*, min) can be linearly expressed as[@b23]:

where *k*~*sec*~ ((\[Fe\], mM) (\[P\], mM)^−1^ min^−1^) represents the second-order rate constant for phosphate adsorption and *q*~*e*~ ((\[P\], mM) (\[Fe\], mM)^−1^) is the sorption capacity at adsorption equilibrium. The initial adsorption rate *h* ((\[P\], mM) (\[Fe\], mM)^−1^ min^−1^) may be calculated using the following equation[@b23]:

The Elovich model proposed by Roginsky and Zeldovich[@b17] was also adopted to describe the kinetics of phosphate adsorption. The integral form of this equation can be depicted as[@b18][@b19]:

where *A* ((\[P\], mM) (\[Fe\], mM)^−1^ min^−1^) is the initial sorption rate and *B* ((\[Fe\], mM) (\[P\], mM)^−1^) is the desorption constant. When *ABt* ≫ 1, this equation can be linearized to:

Recognizing that the kinetics of phosphate adsorption may be controlled by diffusion processes, Weber and Morris[@b20] and McKay and Poots[@b21] introduced the intra-particle diffusion model:

where *C* ((\[P\], mM) (\[Fe\], mM)^−1^) is the intercept and *k*~*int*~ ((\[P\], mM) (\[Fe\], mM)^−1^ min^−1/2^) is the intra-particle diffusion rate constant.

One reversible reaction modeling process (SCKM-1)
-------------------------------------------------

According to Langmuir[@b36], adsorption can be regarded as a reversible process between the adsorbent and adsorbate. In our previous study, the adsorption of phosphate onto PF-HFO was conceptualized as a "surface complexation" reaction[@b7]:

where *k*~*a*~ and *k*~*d*~ represent the adsorption and desorption rate constants, PO~4~^3−^ represents the various possible solution-phase phosphate species (which are assumed to interchange rapidly), ≡FeOH represents the active surface site on PF-HFO, which was determined to be 0.45 mM (\[Fe\], mM)^−1^ in our previous study[@b7] (though protonated or deprotonated forms may dominate depending upon the pH), and ≡FeH~n~PO~4~^(3−n)−^ was considered to be representative of the phosphate "surface complex", which forms on the surface of HFO (and which is simplified to ≡FeP below). It should be noted that the phosphate surface complex used in this study was semi-empirical and that the actual surface speciation of HFO was complicated and should be further investigated by ATR-FTIR and XAFS[@b37].

By applying the mass action law to the reaction, the overall rate equation for adsorption can be expressed as follows:

where *r*, *r*~*a*~ and *r*~*d*~ represent the overall rate, the adsorption rate and the desorption rate, respectively and *n* represents the number of protons associated with each "surface complex".

If the pH is constant during phosphate sorption, the overall rate equation may be simplified to:

where . When the initial concentration of phosphate, concentration of total active surface sites and concentration of occupied surface active sites ≡FeP are represented as *C*~*p*~, *C*~*s*~, and *P*~*ads*~, respectively, the overall rate equation becomes:

when *P*~*ads*~ = 0 at *t* = 0, [Eq. (11)](#eq32){ref-type="disp-formula"} yields:

where, , and . According to [Eq. (16)](#eq28){ref-type="disp-formula"}, *k*~*a*~*′* and *k*~*d*~ can be obtained using the least square method.

Two reversible reactions modeling process (SCKM-2)
--------------------------------------------------

We have previously shown that the protonation of surface sites occurs in parallel with the adsorption of phosphate[@b7]. Hence, surface site protonation:

where *k*~*1*~ and *k*~*2*~ represent the protonation and deprotonation rate constants, and ≡FeOH~n+1~^n+^ represents the protonated surface sites (shortened to ≡FeOH^+^ below) should also be considered when modeling phosphate adsorption.

If the pH is constant during phosphate sorption, the pH dependence of the process can be incorporated in the rate expression by use of the rate constant:

When *k*~*1*~*′*, *k*~*2*~, *k*~*a*~*′*, and *k*~*d*~ are all treated as unknown parameters requiring evaluation, the differential equations describing the kinetics of phosphate adsorption are:

where *C*~*s*~*′* represents the concentration of protonated surface sites present. As these differential equations cannot be solved analytically, we have used the numerical methods package in DynaFit[@b38] to model the time dependent phosphate adsorption process in this study.

One reversible reaction and one irreversible reaction modeling process (SCKM-3)
-------------------------------------------------------------------------------

In our previous study[@b7], we observed that the equilibrium constants for phosphate adsorption to PF-HFO were extremely high, which means that the adsorption rate is much higher than the desorption rate. As such, [Eq. (8)](#eq10){ref-type="disp-formula"} can be rewritten as:

and the differential equations describing the phosphate adsorption process simplified to:

The DynaFit approach was again used to model the experimental data on phosphate adsorption kinetics obtained and to derive values for the parameters *k*~*1*~*′*, *k*~*2*~, and *k*~*a*~*′*.
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![Linear dependence of log *k*~*a*~*′* values on pH determined from SCKM-2 fitting.](srep35292-f1){#f1}

![Values of phosphate adsorption rate constant *k*~*a*~ for particular initial phosphate concentrations and pH.](srep35292-f2){#f2}

![SCKM-1 (solid lines), SCKM-2 (dotted lines), and SCKM-3 (dashed lines) fits for 0.25 mM (△), 0.5 mM (◻), and 1.0 mM (⚪) phosphate *in situ* removal by 1 mM Fe(III) at *I* = 0.1 M NaCl and pH = 6.0 (**a**), 7.0 (**b**), and 8.0 (**c**). Error bars are the standard error of the mean from triplicate experiments.](srep35292-f3){#f3}

###### Model parameters for SCKM-1 and SCKM-2 at different pH values[a](#t1-fn1){ref-type="fn"}.

  Model parameters                pH = 6   pH = 7    pH = 8                     
  ------------------------------ -------- --------- -------- --------- -------- ---------
  *k*~*1*~*′*(min^−1^)             ---     0.0776     ---     0.0856     ---     0.0947
  *k*~*2*~ (min^−1^)               ---     0.00329    ---     0.00239    ---     0.00381
  *k*~*a*~*′* (mM^−1^ min^−1^)    0.205     0.274    0.129     0.149    0.0386   0.0680
  *k*~*d*~ (min^−1^)              0.0279     ---     0.0470     ---     0.0309     ---
  PZC                              ---      7.37      ---      8.55      ---      9.39

^a^The model parameters were obtained when the influence of initial phosphate concentration was neglected.

###### Model parameters for SCKM-1, SCKM-2, and SCKM-3 at different pH values and different initial phosphate concentrations[a](#t2-fn1){ref-type="fn"}.

                                                        \[PO~4~^3−^\]~T~ = 0.25 mM   \[PO~4~^3−^\]~T~ = 0.50 mM   \[PO~4~^3−^\]~T~ = 1.0 mM                                                  
  ---------------------------------------------------- ---------------------------- ---------------------------- --------------------------- -------- --------- --------- -------- --------- ---------
  pH=6                                                                                                                                                                                       
   *k*~*1*~*′*(min^−1^)                                            ---                         0.0674                      0.0657              ---     0.0683    0.0675     ---     0.0678     0.119
   *k*~*2*~ (min^−1^)                                              ---                         0.0122                     0.000604             ---     0.0112    0.00148    ---     0.0168    0.0776
   *k*~*a*~*′* (mM^−1^ min^−1^)                                   0.433                        0.519                        0.508             0.242     0.285     0.278    0.134     0.235     0.214
   *k*~*d*~(min^−1^)                                              0.0177                       0.0029                        ---              0.0323   0.00457     ---     0.029    0.00264     ---
   *C*~*ss*~ (mM mM)^−1^[ b](#t2-fn2){ref-type="fn"}               0.45                         0.45                        0.45               0.45     0.45      0.45      0.45     0.45      0.45
   *C*~*ss*~ (mM mM)^−1^[ c](#t2-fn3){ref-type="fn"}              0.919                         1.03                        0.807              1.25     1.09      0.958     1.04     0.809     0.694
  PZC                                                              ---                          6.74                        8.04                        6.79      7.66               6.61      6.19
  pH=7                                                                                                                                                                                       
   *k*~*1*~*′*(min^−1^)                                            ---                         0.0788                      0.0802              ---      0.108     0.106     ---      0.219     0.176
   *k*~*2*~ (min^−1^)                                              ---                        0.00489                     0.000485             ---     0.00403   0.00166    ---     0.0137    0.00614
   *k*~*a*~*′* (mM^−1^ min^−1^)                                   0.241                        0.276                        0.275             0.192     0.232     0.229    0.0779    0.170     0.151
   *k*~*d*~ (min^−1^)                                             0.0382                      0.00223                        ---              0.0552   0.00138     ---     0.0432   0.00288     ---
   *C*~*ss*~ (mM mM)^−1^[ b](#t2-fn2){ref-type="fn"}               0.45                         0.45                        0.45               0.45     0.45      0.45      0.45     0.45      0.45
   *C*~*ss*~ (mM mM)^−1 ^[c](#t2-fn3){ref-type="fn"}               1.72                         1.33                        1.14               2.31     1.59      1.44      1.42     1.28      0.931
   PZC                                                                                          8.21                        9.22                        8.43      8.81               8.20      8.46
  pH=8                                                                                                                                                                                       
   *k*~*1*~*′*(min^−1^)                                            ---                         0.0598                      0.0984              ---     0.0677    0.0579     ---     0.0398     0.195
   *k*~*2*~ (min^−1^)                                              ---                         0.0168                      0.00121             ---     0.0127    0.0026     ---     0.0256    0.00671
   *k*~*a*~*′* (mM^−1^ min^−1^)                                   0.152                        0.214                        0.191             0.0499   0.0705    0.0847    0.0227   0.0255    0.0715
   *k*~*d*~(min^−1^)                                              0.0470                       0.0175                        ---              0.0275   0.00462     ---     0.0279   0.0108      ---
   *C*~*ss*~ (mM mM)^−1^[ b](#t2-fn2){ref-type="fn"}               0.45                         0.45                        0.45               0.45     0.45      0.45      0.45     0.45      0.45
   *C*~*ss*~ (mM mM)^−1^ [c](#t2-fn3){ref-type="fn"}               3.68                         3.06                        1.85               4.26     3.24      2.03      3.29     3.07      2.37
   PZC                                                                                          8.55                        9.91                        8.73      9.35               8.19      9.46

^a^The model parameters were obtained when the influence of initial phosphate concentration was considered.

^b^The active surface sites[@b7] were used for PF-HFO case.

^c^The active surface sites for ISF-HFO case were determined by using the rate constants obtained in the PF-HFO case.

###### Linear fitting data of adsorption constants in SCKM-3.

                  \[PO~4~^3−^\]~T~ = 0.25 mM   \[PO~4~^3−^\]~T~ = 0.50 mM   \[PO~4~^3−^\]~T~ = 1.0 mM     Ave (mM)
  -------------- ---------------------------- ---------------------------- --------------------------- ---------------
  log *k*~*a*~              0.962                        1.420                        0.787             1.06 ± 0.327
  *n*                       0.212                        0.316                        0.238             0.255 ± 0.054
  *r*^2^                    0.978                        0.847                        0.957                  ---
